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Abstract 
The effect of structural constriction on molecular mobility is investigated by broadband dielectric 
spectroscopy (BDS) within three types of molecular arrangements: monomers, oligomers and 
self-assembled monolayers (SAMs). While disordered monomers exhibit a variety of cooperative 
and local relaxation processes, the constrained nanodomains of oligomers and highly ordered 
structure of monolayers exhibit much hindered local molecular fluctuations. Particularly, in 
SAMs, motions of the silane headgroups are totally prevented whereas the polar endgroups 
forming the monolayer canopy show only one cooperative relaxation process. This latter 
molecular fluctuation is, for the first time, observed independently from other overlapping 
dielectric signals. Numerous electrostatic interactions among those dipolar endgroups are 
responsible for the strong cooperativity and heterogeneity of the canopy relaxation process. Our 
data analyses also revealed that the bulkiness of dipolar endgroups can disrupt the organization 
of the monolayer canopy thus increasing their ability to fluctuate as temperature is increased.  
 
 
 
 
 
 
 
 
Introduction 
Molecular mobility is a crucial factor of concerns for the 
development of materials requiring structural flexibility
1–5
 or 
demanding sophisticated performances at the molecular level, 
such as in actuators and sensors.
6–11
 However, continuous 
shrinking of material structures and increasing number of 
interfaces may drastically reduce the ability of molecules to 
fluctuate, or even vanish thermal glass transition phenomena due 
to molecule immobilization.
12,13
 An exemplar representation of 
this tendency is reflected by the incessant development of active 
and stimuli-responsive material systems, supramolecules, and 
self-assembled monolayers (SAMs).
14–17
 Indeed, high molecular 
ordering, preparation ease, tunable functionality, and low-cost 
processing led these active systems to a variety of advanced 
applications, including electronics,
18–21
 lithographic 
patterning,
22,23
 modification of surface properties,
24–27
 and 
photonic sensors.
9,28–30
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The mobility of building blocks forming such systems is often 
restricted due to steric hindrance and molecular interactions. 
Only few experimental techniques, including nuclear magnetic 
resonance (NMR) and scanning tunneling microscopy (STM), 
allow the investigation of molecular motions within such 
nanoscale systems. However, data acquisition rate and operating 
principles of these techniques limit their capabilities to map out 
the motions of molecules over a wide range of temperatures and 
within specific structural organizations. In this context, 
broadband dielectric spectroscopy (BDS) is an efficient 
complementary tool due to its high-sensitivity and broad 
temperature/frequency range. This allows probing multiple 
dipolar fluctuations in a variety of structures, such as local 
molecular fluctuations at low temperatures (or relaxation) 
or the dynamic glass transition (relaxation) due to cooperative 
molecular motions at high temperatures.  
In this work, spatial fluctuations of molecules within three 
different molecular systems are investigated: disordered 
monomers, oligomers forming nanophased domains, and highly 
ordered self-assembled monolayers (SAMs). These three 
structures were selected as they represent three systems with 
increasing structural constraints, and thus allow us to study the 
evolution of molecular mobility as the apparent confinement is 
increased.   
Three different organosilane molecules, two monopolar and 
one bipolar, were selected as building blocks to form 
aforementioned three types of structures with hierarchical 
constrictions. Monopolar molecules, octadecyltrichlorosilane 
(OTS) and dodecyltrimethoxysilane (DTMS), have a silane-
containing headgroup and a methyl-terminated nonpolar alkyl 
tail. The bipolar molecule, 11-bromoundecyltrimethoxysilane 
(BUDTMS), is similar to DTMS but has an extra bromine unit at 
the alkyl chain termination. Locations of these dipolar groups 
were specially selected to investigate the fluctuations of 
molecular segments in two specific spatial regions of SAMs: the 
molecule-substrate interface also called anchoring zone, and the 
monolayer canopy formed by molecule endgroups at the 
monolayer-air interface. While molecular fluctuations within 
SAMs have been investigated by other groups earlier,
31,32
  the 
responses arising from these distinct regions were not explored.  
Experimental Section 
Materials 
Octadecyltrichlorosilane (OTS,  95%), n-
dodecyltrimethoxysilane (DTMS,  95%), and 11-
bromoundecyltrimethoxysilane (BUDTMS,  95%) were 
respectively purchased from Acros Organics, Alfa Aesar, and 
Gelest, Inc. The chemical structures of monomers can be found 
in supporting information (Fig. SI-1). Chlorobenzene and toluene 
were obtained from VWR International. All chemicals were used 
as received without further purification. Silicon wafers, P(100) 
10-20 ohm-cm and P(100) 1-10 ohm-cm, were purchased from 
University Wafer and Siltronix. After being cut into rectangular 
pieces (1.0 x 2.0 cm²), they were rinsed with Milli-Q water, and 
cleaned sequentially by sonication for 15 min each in ethanol and 
acetone. Afterwards, they were copiously rinsed with Milli-Q 
water and dried under a stream of nitrogen. For SAM deposition, 
wafer and electrode surfaces were hydroxylated by a UV/ozone 
treatment for 30 min, copiously rinsed with Milli-Q water and 
then dried under a stream of nitrogen. Interdigitated electrodes 
were purchased from Novocontrol Technologies GmbH 
(BDS1410-20-150). These electrodes were cleaned similarly as 
silicon wafers while contact parts were protected during the 
cleaning process. 
 
Sample preparation 
Samples of alkylsilane monomers were directly deposited onto 
cleaned electrodes without further treatment and analyzed 
immediately after deposition. Oligomers of OTS, denoted as o-
OTS, were prepared by depositing OTS monomers onto cleaned 
electrode sensors and placed in a desiccator containing a water-
filled beaker at room temperature for 3 days. The high humidity 
in the desiccator causes the hydrolysis of the highly reactive 
chlorosilanes and the formation of hydrochloric acid. This leads 
to the subsequent condensation of monomer headgroups. Films 
were then kept under nitrogen atmosphere at 390 K for 2 h to 
complete the condensation process and remove condensation 
byproducts, such as water and hydrochloric acid. Rapid 
quenching of films to 110 K before analysis ensured a disordered 
structure of films. Oligomers of DTMS and BUDTMS, denoted 
as o-DTMS and o-BUDTMS, were prepared by adding 
alkylsilane precursors to a mixture of tetrahydrofuran (THF), 
water, and hydrochloric acid according to the following molar 
ratio - alkylsilane precursors : THF : H2O : HCl = 1 : 50 : 20 : 
0.5. Low THF, high water and HCl ratios were chosen to ensure 
a rapid hydrolysis and condensation of methoxysilane 
functionalities as well as to prevent the formation of ordered 
layered aggregates. Mixtures were then stirred at 500 RPM at 
room temperature for 24 h before dropcasting solutions onto 
cleaned electrode sensors. Films were then thermally treated 
under nitrogen atmosphere at 390 K for 2 h to complete the 
condensation process and remove remaining preparation 
compounds (THF, water, HCl) as well as condensation 
byproducts such as methanol. A totally disordered structure of 
films was ensured by rapid quenching of films to 110 K before 
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analysis. The deposition conditions of self-assembled 
monolayers were developed by modifying the procedure reported 
by Ito et al. for the preparation of SAMs of alkyltrimethoxysilane 
and alkytrichlorosilane molecules.
33
 After dispersing 3 mM of 
precursors in chlorobenzene, the solution was dispensed onto 
UV/ozone treated wafers or electrode sensors and placed in a 
desiccator containing a water-filled beaker at room temperature 
for 24 h. Samples were then thoroughly rinsed with ultrapure 
water and sonicated in toluene for 15 min. Multilayers and large 
molecular aggregates were removed by wiping the surface with a 
toluene-soaked swab. Finally, samples were sonicated in toluene 
for 15 min, rinsed with Milli-Q water and dried under a stream of 
nitrogen. A further annealing process at 330 K for 1 h under a 
nitrogen atmosphere has no further effect on the monolayer 
structure.  
Broadband dielectric spectroscopy (BDS) 
 Dielectric spectroscopy experiments were performed using 
high quality interdigitated electrodes (BDS1410-20-150) from 
Novocontrol Technologies GmbH (accuracy in tan() ≈ 0.001, 
sensor diameter 20 mm, combs - gold plated copper). The comb 
fingers are 150 m in width, 35 m in thickness and spaced by 
150m. Each electrode was calibrated prior to sample 
deposition by determining their respective geometric (empty) 
capacity (C0) and substrate capacity (Csu) through measurements 
of a reference material (mineral B-oil from Vacuubrand) of 
known permittivity. For samples thicker than  = 300 m, it is 
assumed that the electric field penetrates only the sample and the 
substrate, thus the measured capacity, 𝐶𝑚
∗ , is given by:
34
 
𝐶𝑚
∗ = 𝐶0 𝜀𝑠
∗ + 𝜀𝑠𝑢
∗                       (1) 
 
where  is the complex permittivity of the sample and  that 
of the substrate. For sample thicknesses lower than  = 300 m, 
the investigated system can be separated into two capacitors, one 
of thickness  corresponding to the sample film and a second 
one related to the air layer above the sample with a permittivity 
of 1 and a thickness of 𝑑 − 𝑑𝑠. Under these assumptions the 
measured capacity (𝐶𝑚
∗ ) is:
34
 
 
𝐶𝑚
∗ = 𝐶0  𝜀𝑠
∗
𝑑𝑠
𝑑
+
𝑑 − 𝑑𝑠
𝑑
+ 𝜀𝑠𝑢
∗                        2  
 
Measurements were carried out in a frequency range of 10
-1
 to 
10
6
 Hz by an Alpha-A analyzer from Novocontrol Technologies 
GmbH. A Quatro Cryosystem (Novocontrol Technologies 
GmbH) was used to control the temperature with a stability of ± 
0.2 K. The temperature was increased from 110 to 440 K by 
successive steps of 2.5 K. 
Atomic force microscopy (AFM) 
A Dimension 3100 SPM atomic force microscope was used at 
room temperature to obtain topographic images of SAMs. 
Images were recorded with a maximum resolution of 512 lines 
employing a tapping mode. 
Wetting tests 
Static water contact angles (WCAs) were measured with a 
laboratory made goniometer. Drops of milli-Q water with a 
volume of 1 L were deposited on monolayer surfaces and 
contact angles were measured using the WinGoutte software. 
Given values are arithmetic averages of 10 measurements 
performed on each sample.  
Ellipsometry 
The thicknesses of monolayers were determined using 
spectroscopic ellipsometry (J.A. Woollam M-2000DI). Data 
from 193 to 1690 nm were analyzed using a three-layer model 
(silicon substrate/native silicon oxide/SAM). The optical 
constants of the silicon substrate and native oxide were fixed 
according to literature values.
35
 To decrease the number of free 
fit parameters, the thickness of the native oxide layer was 
determined from an uncoated silicon wafer to 1.75 nm. This 
value was then fixed in modeling SAM layers. The refractive 
index of SAM layers was described using the Cauchy dispersion 
equation:  
𝑛 𝜆 = 𝐴 +
𝐵
𝜆²
+
𝐶
𝜆4
                     (3) 
 
where A, B and C are constants fixed to 1.45, 0.01 µm
2
 and 0 
µm
4
, respectively, and  is the wavelength. At least 3 
measurements were performed on optically smooth and 
homogeneous locations. 
X-ray diffraction (XRD) 
X-ray scattering patterns were obtained at room temperature 
on a Bruker-AXS D8 Discover diffractometer using a Cu Ka 
(1.544 Å) radiation. Digital data were recorded from 2𝜃 = 3° to 
30° at an angular resolution of 0.04° and angular velocity of 
4°.min
-1
 on oligomer films casted on a glass substrate.  
Temperature modulated differential scanning 
calorimetry (TMDSC) 
TMDSC experiments were conducted at a heating rate of 0.5 
K.min
-1
 with a period of 60 s and temperature amplitude of 1 °C. 
d
*
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Samples with masses between 10 and 18 mg were analyzed. 
Calorimeters were calibrated in temperature and specific heat 
capacity using the melting of indium. Sapphire was used to 
calibrate capacity signals. A Q100 calorimeter (TA Instruments) 
with a refrigerated cooling system (RCS) was used for 
measurements on oligomers. A Q200 calorimeter (TA 
Instruments) with a liquid nitrogen cooling system (LNCS) was 
used for measurements on monomers. An additional calibration 
in temperature with cyclohexane was required for measurements 
on monomers. All experiments were performed under a nitrogen 
atmosphere. All samples were quenched from their liquid phase 
to 183 K in order to promote the formation of an amorphous 
structure. MT-DSC curves are shown in supporting information 
(Fig. SI 2-3). 
 
Results and discussion 
The high sensitivity and broad accessible frequency range 
makes BDS a powerful tool to study molecular motions and 
charge transport within a wide range of macro-, micro- and even 
nanoscopic materials.
36
 Particularly, this technique is frequently 
used to investigate relaxation processes in glass-forming 
materials,
37,38
 polymers,
39–44
 and is also increasingly employed 
when studying structural confinement.
45–51
 It can also be valuable 
when studying structural transitions within highly-ordered liquid 
and plastic crystals.
52–54
  
 
Data analysis 
Figure 1a shows the dielectric loss (”) of OTS monomers as a 
function of frequency and temperature in a 3D representation. 
Peaks observed in the dielectric loss indicate relaxation processes 
due to fluctuations of molecules within the sample. The 
conventional method to analyze such measurements is to use the 
model function of Haviriliak - Negami (HN-function, eq. 4)to the 
data in the frequency domain
55
 
 
𝜀𝐻𝑁
∗  𝑓, 𝑇 = 𝑐𝑜𝑛𝑠𝑡.  = 𝜀∞ +
∆𝜀
 1 +  𝑖
𝑓
𝑓𝐻𝑁
 
𝛽
 
𝛾              (4) 
 
Where 𝑓𝐻𝑁  is a characteristic relaxation frequency related to the 
frequency of maximal loss 𝑓𝑚𝑎𝑥 = 1 2𝜋𝜏𝑚𝑎𝑥  (𝑓𝑚𝑎𝑥  and 𝜏𝑚𝑎𝑥  
are the relaxation rate and time, respectively) of the relaxation 
process under consideration, ∆𝜀 is its dielectric strength. 𝛽 and 𝛾 
(0 < 𝛽; 𝛽𝛾 ≤ 1) are fractional parameters determining the shape 
of the relaxation spectra. As some of the examined samples 
exhibit only a weak dielectric response, the HN-function could 
 
Fig 1. (a) Dielectric loss (”) as a function of frequency and temperature 
for the OTS monomers. (b) Dielectric loss (”) as a function of 
temperature at a fixed frequency of 29.5 Hz (black line in (a)). Dashed 
grey curves are Gaussians indicating the individual relaxation processes 
and the dotted grey curve represents the conductivity contribution. The 
red squares correspond to the resulting fit to data including all 
contributions (c) Relaxation time versus inverse temperature (relaxation 
map), the red solid curve represents the VFTH fit to experimental 
points. 
5 
 
 
not always be used to analyze the dielectric loss unambiguously. 
For this reason, experimental data have been analyzed in the 
temperature domain and Eq. 5 was fitted to spectra at a fixed 
frequency, 𝑓.56–58 This model uses Gaussians to describe the 
dielectric loss of each relaxation process and is expressed as 
follows: 
 
𝜀 ′′  𝑇 =  𝑎𝑖
𝑛
𝑖=1
exp  
−(𝑇 − 𝑇𝑖
𝑚𝑎𝑥 )²
𝜔𝑖
 
+  
𝜎∞
𝜀0 2𝜋𝑓 𝑚𝑇 +𝑛
exp⁡(−
𝐴
𝑇 − 𝑇0
)  + 𝜒       (5) 
 
Where 𝑖 counts the number of relaxation processes, 𝑎𝑖  and 𝑇𝑖
𝑚𝑎𝑥
 
denote the amplitude and maximum position of the Gaussians; 
𝜔𝑖  corresponds to the width of the peak when its intensity has 
decreased to 1/e of its maximum value. 𝜎∞ , 𝐴 and 𝑇0 are 
parameters describing the conductivity dependence to the VFTH 
equation.
59–61
 𝑚, and 𝑛 are used to describe the temperature 
dependence of the conductivity exponent. Finally, 𝜒 is an offset. 
For a better accuracy of the fits, an additional broad Gaussian 
contribution was found to be necessary as a background 
contribution. The substantial width of this background 
contribution prevented any further analysis. Figure 1b gives an 
example of this analysis for the case of OTS monomers at a 
frequency of 29.5 Hz.  
This procedure results in data pairs (𝑇𝑖
𝑚𝑎𝑥 , 𝑓) that are used to 
construct relaxation map for each sample and to analyze the 
temperature dependence of relaxation times for each process 
(Fig. 1c). The simplest model to describe the temperature 
dependence of the relaxation time is the Arrhenius equation (Eq. 
6):
32,62,63
  
 
𝜏 = 𝜏0𝑒𝑥𝑝  
𝐸𝑎
𝑅𝑇
                       6  
 
where R is the general gas constant, 𝜏0 a pre-exponential factor 
and 𝐸𝑎  the activation energy. This equation can be applied to 
localized molecular fluctuations taking place in a double wall 
potential. Relaxation times obeying a super-Arrhenius 
temperature dependence law are expected to correspond to 
cooperative motions characteristic for glassy dynamics. In this 
case, experimental data can be described by the Vogel-Fulcher-
Tammann-Hesse (VFTH) equation (Eq. 7):
59–61
  
 
𝜏 = 𝜏0𝑒𝑥𝑝  
𝐷𝑇0
𝑇 − 𝑇0
               (7)              
 
Where 𝑇0 is the Vogel temperature. 𝐷 and 𝜏0 are constants. A 
dielectric glass transition temperature (𝑇𝛼 ) can be estimated by 
the common convention considering the temperature at which the 
relaxation is 𝜏 = 100 𝑠 or log⁡[𝜏 𝑠 ] = 2.59–61 
Unless otherwise stated, all spectra obtained from dielectric 
experiments were analyzed as described above. Here, only 
relaxation maps of the investigated samples are presented in the 
following sections of this paper. Corresponding 3D dielectric 
loss vs. frequency and temperature plots can be found in 
Supporting Information (Fig. SI 4-6). 
 
Molecular dynamics of monomers 
Pristine monomers were analyzed individually without further 
preparation. Samples were quenched to 110 K before analysis to 
limit the formation of ordered aggregates. However, according to 
the amphiphilic nature of monomers, intermolecular interactions 
may lead to a nanostructure where silane headgroups tend to be 
packed. Consequently, monomer endgroups would form the 
external shell of these inverted micelle-like aggregates.  
Dielectric data for pristine building blocks revealed that all 
three monomers exhibit relaxation processes indicating different 
motion processes. Relaxation times of processes located at 
higher temperatures (lower frequencies) show a curved 
temperature-dependence when plotted as a function of 1/T (Fig. 
2). These data can then be described by the VFTH equation that 
is believed to be characteristic for cooperative glassy dynamics, 
thus, these processes are denoted as  relaxation. Considering 
the similarities in the chemical compositions of monomers, it can 
be assumed that these processes originate from fluctuations of 
the dipolar alkylsilane headgroups (i.e. trichlorisilane for OTS 
and trimethoxysilane for BUDTMS and DTMS). The strong 
intermolecular interactions between these dipolar groups 
significantly increase their spatial correlation and cause the 
cooperative nature of this relaxation process. For OTS and 
BUDTMS monomers, the α relaxation is shifted to higher 
temperatures that is likely caused by the chemical composition of 
their alkyl chains. Probably, the long alkyl chain of OTS 
molecules (C18) and polar bromine-termination of BUDTMS 
monomers have increased intermolecular interactions through 
van der Waals and electrostatic forces. All of these inherent 
structural constrains raise the amount of energy required for the 
motion of molecular segments, thus increasing the relaxation 
temperatures.  
To correlate these α relaxations to dynamic glass transitions, 
TM-DSC experiments were conducted on monomers (supporting 
information, SI-2). All samples show a heat capacity step 
corresponding to their glass transitions. 
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Fig 2. Relaxation map for the  (cooperative motions), and 
(localized fluctuations) processes of OTS (red), BUDTMS (blue), and 
DTMS (black) monomers. Solid curves represent fits of the VFTH 
equation to the  relaxation. Dashed lines are fits of the Arrhenius 
formula to the  and  relaxations. Filled points are Tg values calculated 
from MT-DSC measurements (period = 60 s,  = ~ 10 s). 
 
Nevertheless, OTS monomers exhibit a more important heat 
capacity variation at the glass transition than DTMS and 
BUDTMS. The reason of this discrepancy might be the higher 
crystallinity ratios of DTMS and BUDTMS systems. Even 
though all samples were rapidly quenched before analysis to 
prevent molecules to crystallize, portions may have organized. 
The shorter alkyl chains of DTMS and BUDTMS precursors 
likely facilitate molecules to crystallize, thus reducing the 
amplitude of the glass transition phenomenon. On the contrary, 
the long chain of OTS limits the crystallization process and 
promotes the formation of amorphous phase resulting in a more 
pronounced glass transition. Nevertheless, glass transition 
temperatures estimated from TM-DSC for all monomers are in 
close agreement with dielectric spectroscopy measurements.  
The low-temperature  relaxations correspond to localized 
motions of short molecular segments. As depicted in Fig. 2, only 
DTMS and BUDTMS monomers exhibit a  relaxation. The 
similarity of corresponding activation energies (ca. 35 kJ.mol
-1
) 
indicates that they probably originate from related molecular 
units. As both BUDTMS and DTMS monomers carry similar 
trimethoxysilane (TMS) headgroups, the  relaxations observed 
for these compounds can be assigned to local motions of dipolar 
units within the TMS headgroup. This assumption is further 
supported by the fact that the OTS molecule, being missing such 
a headgroup, does not show a relaxation. 
The third relaxation process ( observed for BUDTMS 
monomers at even lower temperatures can be ascribed to the 
motions of bromoalkyl dipoles. The Arrhenius-like temperature 
dependence of relaxation times indicates localized fluctuations of 
these dipoles and an activation energy of 77 kJ.mol
-1
. 
 
Molecular motions of oligomers 
o-OTS, o-BUDTMS and o-DTMS oligomers were prepared 
from OTS, BUDTMS and DTMS monomers, respectively. 
Under acidic or aqueous conditions, the trifunctional headgroups 
of organosilane molecules such as OTS, DTMS and BUDTMS 
undergo hydrolysis and subsequent condensation reactions 
leading to the formation of polysiloxane hyperbranched, linear, 
or cyclic oligomers.
64–66
 Such oligomers were thus prepared from 
our monomers under both acidic and aqueous conditions to 
ensure the formation of siloxane main chains to which are 
attached lateral alkyl chains similar to the initial monomers. 
From a thermodynamic point of view the siloxane main chains 
and pendant alkyl chains are not mixable. Therefore, nanophase 
separations may occur, thus leading to the formation of alkyl 
chain rich nanodomains within a siloxane matrix, as already 
observed for poly(n-alkyl methacrylates) and poly(n-alkyl 
thiophenes).
67–70
 This potential nanostructure is supported by X-
ray diffraction patterns of oligomers (Fig. 3) which are in good 
agreement with the nanophase structure proposed by Beiner et 
al..
67
 In such systems, two distinct sets of diffraction peaks are 
observed: one is intrinsically related to the nanodomain 
organization and is not dependent on the length of the side chain; 
another, strongly dependent on the side chain length, shifts 
toward the high d-spacing region when the length of side chain is 
increased. As shown in Fig. 3, our oligomer samples exhibit a 
similar structure. 𝜃𝐼 peaks, corresponding to a d-spacing of 1.7 
nm, are side chain independent and present in all solid oligomer 
samples. On the contrary, 𝜃𝛿  and 𝜃𝑂  peaks seem to be directly 
related to the length of alkyl chains as their d-spacing values (d = 
2.3 nm for 𝜃𝑂  and 1.2 nm for 𝜃𝛿 ) are closely equivalent to the 
length of the corresponding monomers. At higher angles, a 
broader peak (𝜃𝐼𝐼) is observed. Its corresponding d-spacing (d = 
0.42 nm) is often related to the spacing between alkyl chains in 
highly ordered aggregates made from similar amphiphilic 
molecules.
64,66
  
The broadness and lower intensity of the 𝜃𝐼𝐼  peak as well as 
the absence of other sharp diffraction peaks in o-BUDTMS 
indicate its isotropic organization due to its liquid state at the 
ambient temperature. 
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Fig 3. X-ray diffraction patterns of o-BUDTMS (blue), o-OTS, (red) 
and o-DTMS (black). O-BUDTMS being liquid at ambient temperature, 
only a broad scattering peak is observed indicating a disordered 
organization of molecules. 𝜃𝐼  and 𝜃𝐼𝐼  correspond to d-spacing of 1.7 and 
0.42 nm and are present in both solid samples (DTMS and OTS). 𝜃𝑂  and 
𝜃𝛿  peaks correspond to d-spacing equivalent to the length of the 
corresponding monomers. 
It has been reported that polymers with similar nanophase 
separations may undergo two distinct glass transitions 
corresponding to the cooperative relaxations of the polymer 
backbone and nanodomains formed by alkyl side chains.
68
 The 
latter relaxation, named polyethylene (PE)-like glass transition, 
has been found to be closely related to the average number of 
alkyl carbon atoms per side chain but only weakly dependent on 
the polymer backbone composition. 
As depicted in Fig. 4, o-BUDTMS and o-OTS films exhibit 
both an  and a  relaxation, whereas the o-DTMS film show 
only a local  process at low temperatures. The observation of  
relaxations in all oligomers as well as the similarity of their 
activation energies led to the conclusion that these β processes 
are related to local fluctuations of the polysiloxane chains.
65,71
 
While relaxations of o-BUDTMS and o-DTMS have similar 
activation energies, a slightly higher value is estimated for the 
relaxation of o-OTS. This difference might be due to a 
different polymerization process of the monomers caused by the 
higher hydrolysis and condensation rates of trichlorosilane 
headgroups in OTS molecules compared to the trimethoxysilane 
headgroups of BUDTMS and DTMS.
72
  
An relaxation can be clearly distinguished at higher 
temperatures from dielectric loss vs. temperature and frequency 
3D plot of condensed OTS film (see supporting information, SI-
4b). As discussed above, oligomer films are similar to 
macromolecular systems where the siloxane main chains form a 
matrix surrounding nanodomains of alkyl side chains. In such a 
case, the  relaxation signal of o-OTS likely originates from the 
fluctuations of side chains within such nanodomains. Moreover, 
a transition temperature of 246 K was determined by 
extrapolating the VFTH fit to 𝜏 = 100 𝑠 which is between the 
glass transition temperatures of bulk amorphous polyethylene 
(PE) and that of the amorphous regions of PE constrained by 
crystalline regions.
73,74
 Similar relaxations of alkyl nanodomains 
are also expected for o-DTMS and o-BUDTMS, however a weak 
sample response and overlapping relaxation processes prevented 
to assuredly distinguish such PE-like relaxations in these samples 
(see supporting information, SI-5 and -6). Nevertheless, o-
BUDTMS exhibits a non-linear relaxation with a transition 
temperature (T) of 211 K. The high intensity and low 
temperature of this relaxation (see supporting information SI-6) 
led us to ascribe it to the cooperative motions of bromoalkyl 
groups at the termination of side chains. Indeed, by taking into 
account the phase-separated structure of films, it can be assumed 
that side chains of o-BUDTMS oligomers can form nanodomains 
when chains favorably interact through strong dipole-dipole 
interactions among bromoalkyl endgroups. Such intermolecular 
interactions significantly increase the cohesion between side 
chains within nanodomains, leading bromoalkyl dipoles to move 
cooperatively when the temperature of the system is increased. 
TM-DSC experiments were also performed on oligomers 
(supporting information, SI-3). 
 
 
Fig 4. Relaxation map for the  and  relaxations of o-OTS (red), o-
BUDTMS (blue), and o-DTMS (black) oligomers. Solid curves and 
dashed lines are VFTH and Arrhenius fits to the experimental points, 
respectively. Filled point is Tg value calculated from MT-DSC 
measurements (period = 60 s,  = ~ 10 s). 
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Whereas o-OTS exhibits a heat capacity step around 245 K, no 
step-like change could be assuredly distinguished on TM-DSC 
curves of o-DTMS and o-BUDTMS. As for monomers, the 
reason of this discrepancy might be the higher crystallinity ratios 
of o-DTMS and o-BUDTMS systems due to their shorter alkyl 
chains. Nevertheless, the glass transition temperature of o-OTS 
estimated by TM-DSC is in close agreement with dielectric 
spectroscopy measurements.  
 
Molecular mobility of self-assembled monolayers 
Self-assembled monolayers (SAMs) are highly ordered 
monomolecular height layers formed by the spontaneous 
adsorption of molecules on a solid surface. In such nanolayers, 
molecule headgroups are firmly attached to the substrate, thus 
forming the anchoring zone, while intermolecular interactions 
held molecular tails in an upward position near the substrate 
normal. Particularly, SAMs formed from monopolar monomers 
(OTS and DTMS) possess a polar anchoring zone whereas 
monolayers of bipolar molecules (BUDTMS) have an additional 
polar canopy.  
The quality of the self-assembled monolayers was investigated 
by atomic force microscopy (AFM), ellipsometry and water 
contact angle (WCA) measurements. The AFM images (Fig. 5) 
reveal relatively smooth surfaces for OTS and DTMS SAMs, 
although a few pinholes are apparent. The depths of these holes 
(measured between blue triangles in Fig. 5) are remarkably close 
to the calculated and ellipsometry-determined monolayer 
thicknesses (Tab. 1). Thus, such pinholes were attributed to 
locations where a few molecules are not grafted to the silicon 
substrate. Silicon substrates being totally flat and finely polished, 
the dark straight lines observed on OTS and DTMS images likely 
originate from the wiping of sample surfaces applied to remove 
molecular aggregates formed during sample preparation.
33
 
However, number of these aggregates is observed on the 
BUDTMS monolayer (Fig. 5c) even after sustained wiping. 
Strong affinity of these molecular aggregates to the underlying 
SAM likely originates from electrostatic interactions between 
dipolar groups contained in aggregates and bromine endgroups 
forming the monolayer surface. Ellipsometric and water contact 
angle measurements were performed to further confirm the 
thicknesses and homogeneity of monolayers. Results are 
presented in Table 1. The monolayer thicknesses determined by 
both AFM and ellipsometry were found to be in close agreement 
with thicknesses estimated by theoretical calculations. Moreover, 
WCAs measured on monolayers are also in agreement with 
results reported earlier.
33,75,76
 Thus, ellipsometry, AFM and 
WCAs experimental results all indicate homogeneous 
monolayers with good quality, even though the polar bromine-
termination of the BUDTMS precursors might slightly disturb 
the assembly process and led to the formation of small 
aggregates increasing the RMS value of the BUDTMS SAMs. 
The mobility of molecules within SAMs formed from OTS, 
DTMS, and BUDTMS were then investigated by dielectric 
spectroscopy. Although it could be expected that all building 
blocks undergo one relaxation process of their alkylsilane 
headgroups and that BUDTMS manifests a second relaxation 
signal corresponding to the motions of bromoalkyl endgroups, 
dielectric experiments revealed that only BUDTMS monolayers 
have an observable relaxation process (Fig. 6a). No significant 
signals due to a relaxation process could be clearly observed in 
spectra measured for DTMS and OTS monolayers (see 
supporting information, SI-4 and -5). These results indicate that 
the relaxation process of alkylsilane headgroups cannot be 
observed under our experimental conditions. Three possible 
causes may explain the absence of alkylsilane molecular 
relaxations in BDS spectra: (1) the relaxation signal is too weak 
to be distinguished from experimental noise, (2) the molecular 
relaxations occur at temperatures out of the temperature range 
that can be reached by the electrodes (i.e. 110 to 440 K), (3) the 
mobile segments of dipolar headgroups are highly constrained by 
the structure of the monolayer and, therefore, unable to fluctuate. 
This latter case is the most plausible one as both the rigid 
covalent binding of the silane headgroups to the substrate and 
tight packing of molecules within the SAMs likely prevent these 
dipolar headgroups to reorient.  
On the contrary, the flexibility of the alkyl chains may allow a 
certain degree of flexibility to the molecular segments distant 
from the silane anchoring points, and more especially to the 
monolayer canopy. Thus, the dipolar groups at the termination of 
building blocks, such as bromoalkyl endgroups in BUDTMS, are 
able to fluctuate and their relaxation signal can be clearly 
observed. This relaxation signal could also originate from the 
motions of molecules within small aggregates on top of the 
SAMs as observed on AFM images. However, building blocks 
forming such aggregates are fairly free to move as they are 
loosely-packed and not covalently attached to the substrate, 
therefore, a relaxation signal corresponding to the motions of 
alkylsilane headgroups, similar to the one observed in oligomers, 
would be clearly observable on BDS spectra. Consequently, it 
can be assumed that the contribution of these aggregates to the 
observed molecular relaxation is trivial and that the observed 
relaxation process of BUDTMS monolayers can be solely 
attributed to the motions of bromoalkyl endgroups forming the 
monolayer canopy. 
The spectra have been analyzed by fitting the HN-equation 
(Equation (4)) to the data (see Fig. 6b) including a conductivity 
contribution to the dielectric loss according to 𝜎 [𝜀0 2𝜋𝑓 
𝑛]  
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Fig 5. AFM images of (a) OTS, (b) DTMS, and (c) BUDTMS self-assembled monolayers. Scan area and height are 2 x 2 m² and 0-10 nm, 
respectively. Height profiles are represented along the dashed-doted black lines on AFM images. Blue and green triangles correspond to the locations 
where the heights were measured. (Inset) images of a water droplet on each monolayer. 
 
where 𝜎 is related to the conductivity and 𝑛 an exponent. As 
depicted in Fig. 7a, the temperature dependence of the relaxation 
time is curved when plotted versus 1/T which might indicate that 
molecule endgroups move cooperatively. This cooperativity 
possibly arises from the inherent close-packed structure of the 
monolayers that promotes interactions between adjacent building 
blocks, and more specifically, from the electrostatic forces 
between bromoalkyl endgroups. Hence, tight molecular packing 
and significant intermolecular interactions also raise the energy 
barrier required for the motions of endgroups which leads to a 
higher dielectric glass transition temperature (𝑇𝛼 ) of 266 K.  
The cooperative character of this relaxation was further 
investigated employing the concept proposed by Eyring and 
revised by Starkweather.
77,78
 This approach uses the activation 
entropy (∆𝑆∗) calculated from Eq. 8 as a measure for the 
cooperativity of molecular motions. 
 
∆𝑆∗ =
∆𝐻∗ − ∆𝐻0
𝑇
                       8  
 
where ∆𝐻∗ is the activation enthalpy. Underisobaric conditions 
∆𝐻∗ can be replaced by a temperature dependent activation 
energy which can be estimated from the relaxation map (see Fig. 
7a). ∆𝐻0 corresponds to the theoretical activation energy when 
∆𝑆∗ = 0 (Eq. 9). 
 
∆𝐻0 = 𝑅𝑇  1 + 𝑙𝑛  
𝑘𝑏𝑇
2𝜋ℎ𝑓
                       (9) 
                                           
where 𝑘𝑏  is the Boltzmann constant and ℎ the Planck constant. 
Thus, molecular relaxations whose activation entropy values ∆𝑆∗ 
are greater than zero, or ∆𝐻∗ values are higher than ∆𝐻0 , can be 
considered as cooperative. According to these considerations, 
Fig. 7b reveals that the molecular fluctuations of bromoalkyl 
dipoles in BUDTMS monolayers are cooperative. Indeed, the 
activation entropy (∆𝑆∗) associated to this relaxation reaches a 
maximum value of 0.25 kJ.mol
-1
.K
-1
 at low temperatures. Even 
though the reorientation of bromoalkyl dipoles would be 
apparently local, the activation entropy of this relaxation is 
remarkably greater than that expected for secondary local 
𝛽processes,79,80 and is rather comparable to larger scale 
molecular motions associated to 𝛼 processes.81,82 Such a high 
cooperativity suggests that the relaxation of bromoalkyl 
endgroups structurally corresponds to the collective motions of 
large parcels of the monolayer canopy. Fig. 7b also reveals that 
the cooperativity of motions progressively decreases when 
temperature is increased indicating that local molecular motions 
are facilitated by the increase in the free volume fraction within  
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Tab 1. Thickness, water contact angle and RMS values of OTS, DTMS and BUDTMS monolayers. 
 
Monolayer thickness (nm)  Water contact angle (°)  
Calculated
a
 Ellipsometry
b
 AFM  Measured References RMS (nm) 
OTS 2.43 2.62 2.5  110 ± 1.6 109 (Ref.
75
) 0.21 
DTMS 1.68 1.62 1.25  104  ± 1.4 105 (Ref.
33
) 0.22 
BUDTMS 1.66 1.52 1.77  85 ± 1.2 85 (Ref.
76
) 0.49 
 
a thicknesses are calculated considering the length of an all-trans molecule and assuming a tilt angle of 25° from the surface normal. b an error of 
0.2 nm is assumed. 
 
Fig 6. (a) Dielectric loss (”) of a BUDTMS monolayer as a function of 
frequency and temperature. (b) Dielectric loss (”) data corresponding to 
the black curve on spectra (a) as a function of frequency at a fixed 
temperature (T = 310 K). Dashed-dotted grey curves are the 
contributions of the relaxation process described by a Havriliak-Negami 
function and that of the conductivity. The black solid line corresponds to 
the resulting fit to data including both contributions. Inset shows the 
very weak variation of the dielectric strength Δε with temperature. 
 
the material.
83
 It is worth noting that theoretical activation 
enthalpy values shown in Fig. 7b are calculated at different 
frequencies with increasing values. For this reason, these values 
tend to decrease with temperature in Fig. 7b while they are 
expected to increase (see supporting information, SI-7). Overall, 
the high transition temperature and cooperative nature of this 
relaxation highlight the significant amount of energy required for 
this relaxation to occur. 
Further information concerning the polarizability and 
cooperativity of this system were revealed by using the 
autocorrelation function. Time-dependent correlation functions 
are useful in dielectric spectroscopy studies to probe the total 
electrical polarization of the system. Information about 
molecular reorientation, such as the distribution of relaxation 
times, can then be plotted as a function of time. By using the 
estimated HN parameters the dielectric response can be 
calculated in the time domain,
84,85
 as shown in Fig. 8. In the case 
of the bromoalkyl relaxation in BUDTMS monolayers, the 
distribution of relaxation times is remarkably broad covering the 
range from 10
-11
 to 10
5
 s. Time-correlation curves shown in Fig. 
8 were fitted by the empirical Kohlrausch-Williams-Watts 
(KWW) stretched exponential function (Eq. 12) expressed as 
follows:   
 
𝜙 𝑡 = exp  −  
𝑡
𝜏
 
𝛽𝐾𝑊𝑊
 ,   0 < 𝛽𝐾𝑊𝑊 < 1    10  
  
where 𝜙 𝑡 
 
is the time-relaxation function, 𝑡 the time, 𝜏 the 
characteristic relaxation time, and 𝛽𝐾𝑊𝑊  a shape parameter that 
accounts for the stretching character of the exponential function. 
In this expression, 𝛽𝐾𝑊𝑊  represents the dispersive character of 
𝜙 𝑡  so that high values suggest that a unique relaxation time  is 
enough to describe the correlation function, while low 𝛽𝐾𝑊𝑊    
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Fig 7. (a) Relaxation map for the BUDTMS self-assembled monolayer. 
The solid curve corresponds to a VFTH fit to the data. The inset 
illustrates the motions of the bromoalkyl dipolar endgroups forming the 
canopy of a BUDTMS self-assembled monolayer. (b) Activation 
enthalpy (H*) (blue diamonds) of the BUDTMS monolayer relaxation 
as a function of temperature. The solid line corresponds to the 
calculation of H* from the VFTH fit. The values of H0 are also 
represented as a function of temperature (red squares). The dotted red 
line is a guide to the eyes. 
values indicate a large dispersion between the slowest and fastest 
relaxation times.
86
 In the case of the  process in BUDTMS 
SAMs, the value of 𝛽𝐾𝑊𝑊was found to slightly increase with 
temperature and an average value of 𝛽𝐾𝑊𝑊 = 0.13 was 
estimated (Fig. 8, inset). This value is remarkably low compared 
to values commonly encountered for  processes of polymeric 
glass-formers
87,88
 and suggests a strongly heterogeneous 
relaxation where some fast molecular units relax well before 
other slow units. It also supports the proposition stating that local 
structural steric constraints and numerous intermolecular 
interactions significantly hinder the motions of bromoalkyl 
dipoles.
89
 Consequently, the independent motion of individual 
bromoalkyl endgroups is unlikely. Instead, large parcels of the 
monolayer canopy move cooperatively. As depicted in Fig. 8, 
these parcels progressively shrink due to a decrease of the 
cooperativity with temperature. Overall, the presence of a dipolar 
endgroup in BUDTMS molecule has allowed us to easily track 
molecular motions within the monolayer canopy by dielectric 
spectroscopy. However, the bulkiness of these groups may have 
also induced some structural defects or a more loosely-packed 
canopy thus giving a greater flexibility to this portion of SAMs. 
Consequently, molecular dynamics observed within BUDTMS 
SAM may not accurately render the mobility of more 
conventional monolayers composed of highly ordered monopolar 
molecules. For this reason, further investigations were conducted 
on conductivity contributions. Conductivity signals arise from 
the motions of charge carriers in a material,
90
 and, in the case of 
sinusoidal electric fields, can be estimated through the measure 
of the complex dielectric function  as follows:
91
  
 
𝜎∗ 𝑓 = 𝑖2𝜋𝑓𝜀0𝜀
∗                           (11) 
 
where  is the permittivity of the free space. As shown in Fig. 
9a, at low temperatures, the logarithm value of 𝜎 ′ , the real part 
of the conductivity, nearly follows a linear increase with 
frequency. As temperature is increased, a plateau at low 
frequencies (d.c. conductivity) progressively appears whereas the 
slope at high frequencies (a.c. conductivity) remains unchanged. 
According to J.C. Dyre, this evolution of the conductivity can be 
universally predicted and would be uniquely dependent on the 
frequency.
92
   
 
Fig 8. Time dependence of the correlation function due to the dielectric 
loss of BUDTMS SAMs. The inset plot shows the variation of the KWW 
parameter as a function of temperature. Inset drawings represent top 
views of BUDTMS SAMs with cooperative regions depicted by red 
areas.  
*

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Fig 9. (a) Real part of the conductivity (’) of the BUDTMS monolayer 
as a function of frequency and temperature. The black curve 
corresponds to the conductivity signal at 443 K. (b) Experimental (solid 
black) and fit to data from Dyre’s model (dashed red) curves. D 
corresponds to the transition from DC to AC conductivity. (c) 
Relaxation maps of BUDTMS (blue triangles), DTMS (black circles) 
and OTS (red squares) constructed from values of D at different 
temperatures. Dash-dotted curves correspond to VFTH fits. 𝑇𝐷  are 
temperatures at which fits reach 𝜏𝐷 = 100𝑠. 
Thus, a transition point, 𝜏𝐷 , can be estimated at the transition 
from d.c. to a.c. conductivity from the following equation:  
 
𝜎 ′ 𝑓 = 𝜎0
2𝜋𝑓𝜏𝐷arctan⁡(2𝜋𝑓𝜏𝐷)
 𝑙𝑛 1 +  2𝜋𝑓𝜏𝐷 ² 
1
2 
2
+  arctan⁡(2𝜋𝑓𝜏𝐷) ²
  (12) 
 
where 𝜎0 is the d.c. conductivity. Hence, 𝜎
′  can be plotted as a 
function of frequency and fitted to data to determine values of 𝜏𝐷  
at different temperatures (Fig. 9b). Thus, as previously depicted, 
relaxation maps can be made. Fig. 9c shows the variation of 𝜏𝐷  
as a function of temperature for BUDTMS, DTMS and OTS 
monolayers. Although BUDTMS and DTMS molecules are very 
similar, Fig. 9c highlights the higher transition temperature 
(measured at 𝜏𝐷 = 100 𝑠) of the DTMS monolayer 
(𝑇𝐷 𝐷𝑇𝑀𝑆 = 365 𝐾) compared to the BUDTMS SAM 
(𝑇𝐷 𝐵𝑈𝐷𝑇𝑀𝑆 = 302 𝐾). This higher temperature can be 
attributed to a higher ordering level of molecules in the DTMS 
monolayer. Indeed, the bulky endgroups formed by bromine 
atoms at the end of BUDTMS molecules are likely to slightly 
disrupt the organization of molecules and particularly decrease 
the ordering of molecular units within the monolayer canopy. 
Therefore, the whole monolayer is more flexible and requires 
less energy to move, thus leading to a lower transition 
temperature. Interestingly, this result indicates that even though 
numerous physical interactions exist between adjacent 
endgroups, which could have led to a higher cohesion of 
molecules in the monolayer, their poor ordering significantly 
increases the ability of SAM building blocks to move. 
Accordingly, the OTS monolayer exhibits a higher transition 
temperature (𝑇𝐷 𝑂𝑇𝑆 = 380 𝐾). Intrinsically, the long methyl-
terminated chain of OTS is expected to increase the monolayer 
level of ordering,
93,94
 thus leading to a higher transition 
temperature. In consequence, Fig. 9c also evidences the decrease 
of the relaxation time (𝜏𝐷) at a fixed temperature when the 
molecular ordering lowers.  
More generally, two parameters should be carefully examined 
when choosing building blocks for self-assembled monolayers: 
molecular steric hindrance and potential interactions between 
molecules. According to the application, molecules containing 
bulky groups may be preferred to increase molecular mobility, 
whereas building blocks designed to increase intermolecular 
interactions would lead to a lower mobility of molecules.  
Conclusion 
The effect of structural constriction on molecular mobility was 
investigated by broadband dielectric spectroscopy within three 
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types of alkylsilane-containing self-assembled nanostructures. 
Molecular fluctuations were analyzed as a function of frequency, 
temperature, nanostructures and building block composition. 
Although all precursor monomers exhibit cooperative motions of 
their alkylsilane headgroups due to strong intermolecular 
interactions, the bromine-termination of bipolar monomers 
manifests a distinct relaxation process corresponding to the local 
reorientations of bromoalkyl dipolar units.  
A totally different molecular mobility was observed after 
formation of oligomers. Polysiloxane oligomers resulting from 
the condensation of monomers were found to have a phase-
separated nanostructure where alkyl side chains form 
nanodomains independent from the siloxane main chain. While 
main chains of these oligomers undergo non-cooperative 
motions, independent nanodomains of side chains were found to 
relax cooperatively due to numerous intermolecular interactions. 
Remarkably, the highly ordered and constrained nanostructure 
of self-assembled monolayers greatly modified the relaxation 
processes of both alkylsilane and bromoalkyl dipoles. The close-
packed structure and rigid covalent attachment of alkylsilane 
headgroups to the substrate prevented the experimental 
observation of their fluctuations. Interestingly, this limitation 
allowed observing and accurately analyzing motions of 
bromoalkyl endgroups forming the monolayer canopy 
independently from other overlapping dielectric signals. This 
relaxation process was revealed as being strongly cooperative 
due to both the tight molecular packing of SAMs that creates 
local structural steric constraints, and the presence of abundant 
intermolecular interactions between adjacent polar endgroups. 
These structural constraints thus led to a heterogeneous 
relaxation with a large dispersion of relaxation times. 
Finally, these findings not only support several previously 
published results
31,32
 but also broaden the understanding of 
processes governing motions of molecules within self-assembled 
monolayers. They could be greatly appealing to induce dynamic 
properties to functional coating materials. Hypothetically, they 
would also encourage the development of novel stimuli-
responsive nanotechnologies or actuators by taking advantage of 
these dynamic and reversible molecular motions. 
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